IN 1858 Claude Bemarde summarized much of his research into the physiology of the control of the circulation by the statement that the sympathetic nervous system acted as a "vasoconstrictor nerve." Subsequent study has shown that this division of the autonomic nervous system, although not always constrictor, exerts a control over the tone of both arteries and veins, which is of profound physiological significance. The influence on a particular vascular segment, however, varies widely, both qualitatively and quantitatively, according to its location within the vascular tree.
In this review of primarily in vitro studies, after the description of these three basic types, additional factors are discussed that contribute to the variation in functional behavior of individual blood vessels and presumably, as a consequence, entire regional beds. These additional features might be considered to be superimposed upon the basic prevailing vascular neuroeffector pattern. Thus, they bestow on blood vessels of similar size and type, peculiar or unique qualities of response to sympathetic control. Such variables include density and distribution of adrenergic innervation, sensitivity, and relative magnitude of a-and /3-receptor-mediated responses, heterogeneity of adrenergic receptors, adrenergic receptor-coupling characteristics, and intrinsic vascular tone (Fig. 1) . Finally, some considerations that help in understanding the underlying basis of variation or distinctiveness in blood vessels will be outlined. For further details on this subject-the sympathetic control of the vasculature-the reader should refer to a number of reviews (Furchgott, 1955; Somlyo and Somlyo, 1968a; Somlyo and Somlyo, 1970; Mellander and Johansson, 1968; Spector et al., 1972; Bevan and Su, 1973a; Fleisch, 1974; de la Lande, 1975 ; Bevan et al. in press) .
Neuroeffector Patterns
In general, the neuromuscular relationship in smaller vessels is more intimate than in the larger. The change in nerve-muscle relationship in vessels of different size is associated with an alteration in the focus of transmitter action (Bevan, 1977) . In contrast to a diffuse transmitter action within the substance of at least the outer part of the tunica media in larger blood vessels, transmitter effects become essentially localized to the synaptic cleft in the smaller ones (Bevan, 1977; . The rate of the contractile response of the larger vessels is slow and is regulated primarily by the rate of transmitter diffusion through the vessel wall 162 CIRCULATION RESEARCH VOL. 45, No. 2, AUGUST 1979 Irmervaikxi density IrmervatKHl distribution a , / 3 receptor number ond proportion tor subtype tone FIGURE 1 Schematic representation of three vascular neuroeffector patterns showing (from above downward) vessel size, neuroeffector relationships and distribution of released transmitter, and contractile response to NE. The pattern on the extreme left is that seen in an elastic artery and on the right that for a small muscular artery or arteriole. The middle pattern is found in vessels of intermediate size. Responses of the three vessels are influenced by a number of factors including innervation density, innervation distribution, intrinsic tone, a-and fl-receptor number and proportion, and a-and ^-receptor subtype. (Bevan et al., in press ). In the smaller blood vessels, myogenic propagation originating from the action of the transmitter on the smooth muscle membrane within the synapse, or at least that subjacent to the neuronal varicosity, seems to be the mechanism of spread (see Ljung, 1976 , for references). The termination of transmitter effect in the larger vessels is the consequence of intramural disposition mechanisms and the diffusion of the transmitter away from the smooth muscle cells (de la Lande, 1975; Kalsner and Nickerson, 1969; Bevan et al., 1972a) . In contrast, in the smaller vessels, neuronal re-uptake regulates the local concentration of transmitter and thus its action (Folkow, 1976) . In vessels of intermediate size, a combination of these two types of functional processes operates. Thus, the response of the large vessels is relatively small and slow, measured in minutes; they only slowly follow changes in frequency of sympathetic activity. In contrast, the potential for response of the smaller vessels to sympathetic activity is very considerable and reaction to changes in characteristics of sympathetic drive is fast, measured in seconds (Bevan, 1977) . Superimposed on these basic organizational patterns are other properties which bestow additional variation in vascular characteristics which will be discussed later. Thus, even among vessels with similar basic neuroeffector patterns, there is a wide diversity of response characteristics.
The Sympathetic Innervation
The majority of blood vessels are innervated, although the density of innervation particularly among the veins varies widely . The level of innervation measured as amount of norepinephrine (NE) per unit weight of tissue of those arteries studied falls below that of some other peripheral organs, such as the vas deferens, but, in general, it is of the same order as the myocardium (Genest et aL, 1969; Bevan et al., 1972b; Berkowitz and Spector, 1976) .
The adrenergic innervation of a blood vessel is found characteristically in the inner adventitia and adventitio-medial junction, as a plexus surrounding the muscle of the tunica media rather like a mesh stocking. For this reason, on transverse section, the local density of innervation at the adventitio-medial junction (Bevan et al., 1972b) is high in comparison to that in tissues where the neurons ramify among the effector cells. It has been shown in nonvascular tissue that each adrenergic axon divides into a number of preterminal branches which then separate to ramify widely. Each branch ends in an arborization which extends over an area of 0.2-0.5 mm in diameter (Malmfors and Sachs, 1965) . It has been estimated, admittedly with some reservation, that each adrenergic neuron gives rise to 10 cm of terminal axon, 26,000 varicosities, containing in toto 2.6 X 10" l0 g of NE. In the rabbit thoracic aorta and ear artery, vessels where the adrenergic mechanism has been studied in some detail, varicosity density is respectively approximately 8,000 and 35,000 varicosities/mm 2 surface area of the tunica media (Bevan et al., 1972b) . These data suggest that a 1-cm length of these two vessels is innervated by approximately 75 and 30 postganglionic adrenergic neurons, respectively. Although the innervation density per unit surface area of the ear artery is higher than that of the aorta, the greater circumference of the latter more than offsets this, resulting in a greater number of neurons per unit vessel length.
One seemingly unique feature of vascular adrenergic innervation is that only comparatively rarely, and then only in some of the smaller vessels, does the adrenergic varicosity form a true "synapse," an intimate connection with a particular vascular smooth muscle cell. The amount of separation between the adrenergic varicosity and the closest muscle cell varies in different blood vessels: from a few 100 A in arterioles (Rhodin, 1967; Devine and Simpson, 1967) and small arteries up to several thousand in medium and large vessels (Verity and Bevan, 1968; Lee, 1977) . Cleft width measurements, when neuromuscular separation is small, reflect the true relationship more accurately than when it is wide. However, in this latter circumstance, minimal dis-VASCULAR SYMPATHETIC RESPONSE/Bewm 163 tances are of greater functional significance.
Transmitter Concentration and Distribution
Variation in nerve-muscle separation has important consequences. It influences not only the concentration of the transmitter achieved at the postsynaptic membrane but also the distribution of the adrenergic transmitter in and around the varicosity and in the different cell layers of the blood vessel wall (Bevan, 1977; . The narrower the cleft, the higher the peak concentration of transmitter at the a-adrenergic receptors and the more restricted is the action of the transmitter to the immediate postsynaptic membrane. In those vessels where the nerves "stand off" from the cells they innervate, transmitter is released from the neural plexus apparently at random in relationship to particular smooth muscle cells. In contrast, in the smaller vessels where there is often an authentic neuromuscular synapse (Johansson et aL, 1972) , the biologically effective concentrations of released transmitter are probably confined to the postsynaptic part of the membrane of the innervated cell. In intermediate-sized vessels, there is evidence for a combination of these two patterns-a local, biologically intense concentration of transmitter at the postsynaptic membrane combined with transmitter overflow at lower concentrations into surrounding tissues.
The more important observations that lead to these generalizations are the following:
1. Estimates of transmitter concentration achieved at the a-adrenoceptors at the postsynaptic membrane during sympathetic neuronal activity vary inversely with the width of the synaptic cleft (Bevan, 1977; . This is not surprising since the transmitter presumably diffuses in all possible directions after its release by exocytosis. If diffusion were not influenced by local anatomical structures, its concentration would be expected to fall off inversely with the cube of the radius.
2. On the other hand, transmitter concentrations outside the confines of the synapse diminish as the neuromuscular width becomes narrower. The inference is that in the "true" vascular neuroeffector junction there is little overflow of transmitter (Bevan, 1977; . After release, the transmitter is "confined" within the synapse where it exerts its action and from whence most of it is rapidly taken up again into the nerve terminal.
3. If mean intrasynaptic transmitter concentrations increase as the synaptic cleft width gets narrower, other variables which are related to transmitter concentration also should be a function of this anatomical variable, (a) The adrenergic nerve terminal contains an efficient mechanism for transporting NE into the neuroplasm. NE uptake is both concentration and time dependent. Experimental blockade of neuronal uptake results in a greater increase in transmitter overflow from the narrow compared with the wide synapse. Presumably, there is a proportionately greater re-uptake of NE in blood vessels with a close neuromuscular contact (see Bevan, 1978a , for references), (b) Of all the local feedback processes influencing adrenergic transmitter release, the negative feedback system mediated by the transmitter itself via an a-like receptor on the presynaptic membrane seems to be the most universal and functionally important. This is much more active in smaller as compared with larger blood vessels (Bevan, 1978a; Bevan, in press) .
4. Studies of the longitudinal muscle of the rat portal vein, the only vessel with a fairly narrow cleft which is of a size suitable for adequate experimental study, suggests that the a-adrenergic receptors are located at the adventitio-medial junction (Johansson et al., 1972; Ljung et aL, 1973) and possibly restricted to the synaptic cleft (although see Hermsmeyer, 1976 ). This contrasts with receptors for other drugs in this vessel which are not so restricted and with adrenoceptors in larger vessels which probably are present throughout the wall thickness (Bevan and Verity, 1967) . Thus, in this vessel, where little transmitter spillover from the cleft would be expected, the receptors may well be confined to the postsynaptic membrane.
5. The relative importance of extraneuronal to neuronal mechanisms of transmitter disposition is greater in larger, compared with smaller, vessels (Kalsner and Nickerson, 1969; Folkow, 1976) . Extraneuronal mechanisms influence transmitter that has left the synaptic area and has passed beyond the rather limited range of influence of neuronal reuptake (Osswald, 1976; Trendelenburg, 1974) .
The Muscle Response
Since the majority of vascular smooth muscle cells in the tunica media are at a distance from the innervating sympathetic plexus, neurogenic tone of the individual cells must result from processes that extend the local consequences of neuronal activity over relatively large distances. Such processes are transmitter diffusion, whereby the smooth muscle cells respond to their local NE concentration, and propagation, whether associated with passive or active electrical spread, of excitation originating from cells closest to the nerve elements.
Coordination of smooth muscle cell activity must be achieved in the longitudinal, radial, and also circumferential axes of the blood vessel. In the large arteries and veins, the postsynaptic axons form an irregular but complete network over the entire muscular tube (see above). Thus it is reasonable to conclude that the overall longitudinal and circumferential coordination is the consequence of overlapping neuronal influences. At the level of the individual smooth muscle cells, it seems likely that the local direct action of the transmitter on the 164 CIRCULATION RESEARCH VOL. 45, No. 2, AUGUST 1979 smooth muscle membrane is augmented by myogenic spread of excitation (Bevan, 1978b) . Integration of response in the radial axis results from transmitter diffusion, again possibly supplemented by local limited myogenic mechanisms. The relative contributions of these two processes would be expected to vary with many factors, including density and the smooth muscle system characteristics.
The innervation of smaller blood vessels usually is by one or several axons running in a generally longitudinal direction. A question arises in these vessels when there are only one or two layers of muscle. In these two axes, diffusion can be of little importance, since released transmitter will diffuse from the varicosity either toward or away from the vascular lumen and will never reach cells on the diametrically opposite side of the vessel. It follows that whatever coordination occurs must be entirely through myogenic propagative means, either active or passive.
This general conclusion emerges from a number of observations, the most important of which are cited below:
1. A component of the contractile response to NE that seems to be based on the propagation of excitation, either radially and/or longitudinally, through the vessel wall has been observed in blood vessels of all sizes. For example, the contractile response to NE of the rabbit thoracic aorta, an elastic artery, has two components which follow closely upon each other and often merge (Bohr, 1963) . The first rapid but small constituent which appears to originate preferentially from the intimal surface probably reflects a short-lived modest propagated element (Pascual and Bevan, in press) .
The time course of contraction of the middlesized arteries and veins to sympathetic stimulation, both endogenous and exogenous, is more obviously biphasic than that of the aorta (Bevan and Waterson, 1971 ). The initial rapid component of contraction has a half-time of only several seconds. As the size of this response is greater than can be accounted for by transmitter diffusion from the surface, it must be associated with a faster mode of spread of excitation which presumably is myogenic. This rapid component has been shown directly to be associated with longitudinal spread of excitation leading to a contractile response .
A short period of relaxation is succeeded by a slow phase of contraction leading to a maintained elevation of tone. The first phase is dependent on Ca 2+ sequestered in the cell, and the second is dependent on Ca 2+ entering via the extracellular space. These two phases of contraction may be preferentially altered by pharmacological procedures Steinsland et al. 1973 ). However, not all phasic contractions reflect propagative activity. Isolated smooth muscle cells from the stomach of the frog exhibit a biphasic-like re-sponse to cholinergic agonists (Fay and Singer, 1977) .
2. A quantitative examination of the postsynaptic neurogenic excitation mechanism in the rabbit pulmonary artery in relation to the ensuing contraction suggests that this cannot be accounted for by a local direct transmitter effect alone. The maximum effective "sphere of influence" of one transmitter quantum is only several microns, and an additional factor is needed to explain the magnitude of contraction. The most likely candidate in this vessel is local myogenic propagation, which would extend the range of influence of each packet of transmitter released (Bevan, 1978b) .
3. Under various circumstances, slow, rhythmic, coordinated activity has been observed in just about all large and medium-sized blood vessels studied (Furchgott, 1955; Somlyo and Somlyo, 1968a; Mellander and Johansson, 1968; Bevan et al., unpublished observations) . The existence of the capacity for synchronous activity implies that vascular smooth muscle cells can be functionally coupled. There is evidence for functional coupling of the intima with the media (Pascual and Bevan, in press ), however, since such rhythmic activity is rarely seen this capacity is probably rarely used, at least under normal conditions. 4. Small blood vessels respond rapidly to sympathetic stimulation, either by change in maintained tone or by an alteration in their rhythmic phasic activity (Johnson, 1978) . The phasic contraction of the lpngitudinal muscle of the rat portal vein has been investigated as a model system of at least some of the smaller blood vessels. This preparation responds promptly to stimulation by an increase in pacemaker activity (Johansson and Ljung, 1967) . The ensuing contraction depends upon myogenic propagation initiated from such pacemaker sites mediated through regenerative spike activity. However, not all the responses of arterioles are phasic; some show tonic change. In these, passive myogenic spread leading to maintained tone may be the governing process.
5. If the initial fast component of contraction is disregarded or else if contraction is achieved in its absence, the rate of response of both large and medium-sized arteries and veins is comparatively ponderous, often taking minutes to reach an equilibrium (Bevan and Waterson, 1971) . This time frame is similar to the rate of saturation of the blood vessel wall by exogenous NE entering by diffusion. The rate of this slower contraction may, in fact, be limited by the rate of NE accumulation in the media (Bevan and Torok, 1970; Torok and Bevan, 1971 ).
6. If the contraction of a vascular smooth muscle cell is mainly a function of the local concentration of transmitter, the concentration of NE that can be achieved in the vessel wall, and thus the overall response to nerve activity, would be limited by VASCULAR SYMPATHETIC RESPONSE/Bwon 165 transmitter diffusion (Ljung, 1976) . Presumably, for this reason, the maximum neurogenic response of vessels with a small myogenic component, no matter how dense their innervation, is never more than half of their maximum response to exogenous transmitter (Ljung, 1976; Mellander and Johansson, 1968) . This contrasts with the longitudinal muscle in the adventitia of the rat portal vein, a lightly innervated vessel in which the response is dominated by myogenic propagation and all vascular smooth muscle cells can be maximally influenced by neurogenic transmitter (Ljung et al., 1975) .
7. Microelectrode electrophysiological studies of vascular smooth muscle, especially those carried out during neurogenic stimulation, are comparatively rare. A high stable resting transmembrane potential is present in the smooth muscle of both large and small blood vessels. In large and medium vessels, exogenous NE causes a steady state component of contraction either without a change in membrane potential or else accompanied by a slow graded depolarization (Su et al., 1964; Somlyo and Somlyo, 1968a; Somlyo and Somlyo, 1968b; and Droogmans et al., 1977) Early transient mass electrical activity has been observed in a muscular artery in response to NE . The length and time constants of the smooth muscle of intact blood vessels show that the blood vessel behaves like a short cable Mekata, 1976; Holman and Surprenant, 1978) . In response to nerve stimulation, excitatory junctional potentials in outer smooth muscle cells have been seen. With trains of stimuli, "active responses" were superimposed. However, in these vessels, no "conventional" action potentials have been reported.
In the arterioles of the intestinal mucosa of the guinea pig where the membrane potentials were normally quite stable, repetitive neurogenic stimulation causes a more "action potential-like change" which accompanies vasoconstriction (Hirst, 1977) . In the longitudinal muscle of the rat portal vein, spontaneous rhythmic contractions are accompanied by repetitive firing from pacemaker-like cells (Cuthbert and Sutter, 1964; Funaki and Bohr, 1964) .
Other Neuroeffector Variables

Innervation Density
The amount of adrenergic innervation within the blood vessel wall, whether expressed per unit weight or surface area of the tunica media, varies widely throughout the arterial and venous systems. There are probably larger differences among veins than arteries (Bevan, 1977; Bevan and Osher, 1965; . In a series of rabbit veins, the density of adrenergic innervation increased in the order: deep limb and muscle, kidney, skin (back), pulmonary, mesentery, and skin (ear, head, and paw) (Bevan and Osher, 1965) . A number of general statements regarding innervation density can be made which, although negative, serve at least to refute generalizations made previously in the literature. Innervation density is not the same in all vessels of the same.bed (Furness and Marshall, 1974; Fuxe and SedvalL 1965) , can change dramatically along the course of a blood vessel (Bevan and Purely, 1973) , and in any one species is not related to vessel diameter. Furthermore, innervation density of the same anatomical vessel may be different in different species and in any one vessel tends to decline with advancing age (Shibata et aL, 1971; Waterson et al., 1974) .
A series of rabbit large and middle sized arteries and veiris with similar a-receptor-mediated smooth muscle characteristics exhibited a positive correlation between innervation density and the size of the neurogenic response (Bevan, 1977) . This implies that the most common and most important feature influencing vascular reactivity of larger vessels is innervation density.
Neuronal uptake of NE in the blood vessel wall is a function of innervation density (Bevan, 1977) and will influence intramural NE concentrations. This mechanism deviates NE from receptors on vascular smooth muscle cells, thus decreasing the apparent sensitivity of the smooth muscle tissues (de la Lande, 1975; Fleming, 1976 ). By the same mechanism, the adrenergic innervation as a result of its position around the outside of the smooth muscle reduces the amount of extraluminally applied NE passing into this layer (de la Lande, 1975) .
Innervation Distribution
A ground terminal network restricted to the adventitio-medial junction is the commonest vascular pattern. However, in some vessels, the neurons penetrate the muscle coat and are distributed within it to varying depths. In both arteries and veins closely matched for characteristics other than nerve distribution, the frequency-response curve for the medially innervated vessel originates at a lower frequency and rises more steeply than that for the vessel with innervation at the adventitio-medial junction (Bevan, 1977) . Transmitter effects are terminated in the medially innervated vessel by neuronal uptake, in contrast to a vessel with junctional innervation, where usually slower processes of diffusion and metabolism operate (Ljung, 1976; Osswald, 1976 ). Thus, a medially innervated vessel would be expected to respond faster and to a greater extent to a change in sympathetic discharge pattern. Such a functional consequence is consistent with the presence of medial innervation in vessels where a quantitatively sizeable response would be physiologically desirable, e.g., in vascular sphincters (White et aL, 1973; Hutchinson et aL, 1962) , in subcutaneous arteries and veins of limbs where intense vasoconstriction resulting in temperature conservation may be critical (Keatinge, 1966) , and 166 CIRCULATION RESEARCH VOL. 45, No. 2, AUGUST 1979 when constriction is desired in a large vessel (Keatinge, 1966; Dolezel, 1972) .
Sensitivity of a-and ^-Adrenergic Receptor-Mediated Responses
With some notable exceptions, sensitivity of the contractile response of vascular smooth muscle to NE is similar in different blood vessels and among different species. The NE ED50 falls around a mean of approximately 10~7 M Bevan and Su, 1973b) . Threshold concentrations usually vary between 10~9 and 10~8 M. Among such vessels, the NE ED50 has been found to vary to a small extent inversely with the density of innervation (Bevan, 1977) . Plasma NE levels in man increase with age (Ziegler et al., 1976; Sever et al., 1977) . Resting values, recently determined in carefully carried out studies, are reported to vary between 10" 10 and 2 X 10~9 M (De Champlain et al., 1976; Buhler et al., 1978) .
The inner smooth muscle cells of some blood vessels are more sensitive to NE than the outer (Graham and Keatinge, 1972) . This, combined with an active NE destroying system within the media, ensures a preferential response of the inner part of the vessel wall to circulating catecholamines. This may be true of other substances as well (Pascual and Bevan, in press ).
There are, however, exceptions to the general picture described above. The sensitivity of cerebral vascular muscle to NE in a number of species, including the cat (Edvinsson and Owman, 1974) , goat (Urquilla et al., 1975) , and rabbit , is considerably less than in systemic arteries and veins of the same species. This characteristic, combined with an exceedingly dense innervation and the possibility of an endothelial as well as metabolic barriers to intraluminal NE action (McCalden et al., 1977) , results in a blood vessel which, although not responsive to circulating catecholamines, is still influenced by neurogenic activity. In contrast, the sensitivity of precapillary sphincters of the rat mesentery to topical application of NE is reported to be several orders of magnitude higher than larger vessels of the same species (Altura, 1971) .
It is generally accepted that the /}-adrenergic receptor is more sensitive to catecholamines than the a (Guimaraes, 1975) . The sensitivity of the adrenergic receptor-mediated responses, measured as the NE or isoproterenol ED50, has been found to be independent of the level of inherent or intrinsic tone (Furchgott, 1955; Bevan et al., 1978) ; this implies that the magnitude of the response is proportional to the level of intrinsic tone.
Relative Magnitude of the a-and ^-Receptor-Mediated Responses
The net response of a vessel with both types of adrenergic receptors is considered to depend upon the relative magnitude of the two receptor-mediated responses. The rabbit facial vein, a vessel which develops intrinsic tone, shows a greater /?receptor-mediated relaxation than a-receptor contraction. Thus, it relaxes in response to sympathetic nerve activity or NE administration (Pegram et al., 1976) . That concurrent activation of the two receptor types occurs simultaneously is demonstrated in this vessel by the increased magnitude of relaxation to NE that occurs after a-adrenergic receptor block and the contraction seen to similar doses of NE after ^-adrenergic receptor block. In the rabbit aorta and pulmonary artery, the ^-receptor-mediated relaxation is small in proportion to the contraction mediated through the a-receptors (Furchgott, 1955; Somlyo and Somlyo, 1970; Mellander and Johansson, 1968) . The relaxation can be observed only after administration of an a-receptorblocking agent and the pharmacological initiation of muscle tone. Experimentalists have been unable to show either a /J-receptor or an a-receptor-mediated response in the rabbit basilar artery or the small coronary arteries (Bohr, 1967) , respectively. Again, emphasizing species differences in the coronary artery of some species, including man, both a-and /^-mediated responses have been observed (Anderson et al., 1972) .
Because the magnitude of the /^-receptor relaxation usually is considered proportional and the areceptor contraction inversely proportional to the level of tonic contraction of the blood vessel, the relative size of the a-and /8-response in a blood vessel is a function of the level of tone.
/?-Receptor-mediated vascular responses to sympathetic nerve activity fall into two patterns. On the one hand are vessels that relax promptly to even low frequency sympathetic nerve stimulation (Viveros et al., 1968; Greenway and Lawson, 1966) . In contrast are those that respond only after considerable delay and then only at higher stimulation frequencies (Hughes and Vane, 1970; Gerova and Gero, 1968) . Since both types of vessel respond well to exogenous yS-receptor agonists, these two classes may reflect the differing proximity of the /S-receptors on the smooth muscle to the sites of transmitter release .
The relative size of the a-and /8-mediated effects in blood vessels is altered by many agents and conditions, including estrogens, progesterone, thyroid, temperature, and age. With respect to the latter, the loss of ^-receptor mediated effects with aging is specific and not seen with other relaxing agents .
Heterogeneity of a-and fi-Adrenergic Receptor Types
Although the possibility that a-adrenergic receptors are not the same in all blood vessels has been voiced on a number of occasions, only recently has evidence accumulated that suggests strongly that VASCULAR SYMPATHETIC RESPONSE/Beua/i 167 different subgroups of the same general receptor type exist. The relative potency of drugs that act on the a-receptor on the presynaptic membrane of the adrenergic varicosity that mediates negative feedback control of adrenergic transmitter release is different from that on the classical postsynaptic receptor . There is evidence of a similar sort for a further subtype of a-receptor on the pial vessels of the rabbit and possibly the cat (Edvinsson and Owman, 1974; Duckies and Bevan, 1976) . ftAdrenergic receptors can be subdivided into two groups on the basis of the relative potency of the three basic agonists, NE, epinephrine (E), and isoproterenol (ISOP). The order for receptors designated ft is ISOP > NE £ E and for ft, ISOP > E » NE . When studied under strictly defined experimental conditions, small rabbit muscular and coronary arteries have been demonstrated to contain ft and rabbit aorta and facial vein ft type receptors.
Possible Adrenergic Receptor Limitations to Sympathetic Response
The contractile response elicited from the rabbit aorta by a high concentration of NE is not exceeded by that to any other agonist (Furchgott, 1955; Somlyo and Somlyo, 1968a; Somlyo and Somlyo, 1970) . There is evidence that not all available a-receptors need be occupied for this to occur. The a-receptor mediated response of different segments of the rabbit pulmonary arterial tree has been found to vary with vessel diameter . The receptorrelated features of the main pulmonary artery are similar to those of the aorta described above. However, as vessel diameter decreases, although the NE EDso remained constant, the maximum response elicited by NE in relation to nonadrenergic agonists progressively diminished. In the smallest vessels, only several hundred microns o.d., there was almost no measurable contractile response to exogenous NE. Surprisingly, this transition occurred without a comparable change in the density of sympathetic adrenergic innervation. An NE-mediated contraction that is only a fraction of the possible response has been found in vessels from other beds, including the large and small arteries of the pial circulation (Lee et al., 1976 ). The precise mechanism limiting the sympathetic response remains to be determined-whether it is receptor number, binding characteristics, processes unking receptor occupation with contractile response, etc., or a combination of these.
The Effect of Intrinsic Vascular Tone
Characteristically, the smooth muscle in the vascular segments studied in vitro, usually large or middle-sized arteries and veins, has no tone. It does not relax further to nitrites, papaverine, calcium removal, etc. Two types of intrinsic vascular tone have been observed; the longitudinal muscle of the portal vein from a number of species often exhibits large periodic rhythmic contractions appearing to originate from one or more pacemaker sites (Johansson and Ljung, 1967) . This occurs primarily in response to stretch. A slowly developing, tonically maintained, response to stretch has been described in cat cerebral arteries and in the rabbit facial vein (Pegram et al., 1976; Lee et al., 1978) . In both instances it has been claimed that the level of intrinsic tone is a function of the applied stretch Mellander and Lundvall, 1978) .
The form of response of the vessel to endogenous or exogenous NE is different in the two vessel types and is usually an augmentation or diminution of the response to stretch. As mentioned previously, the absolute size of response to sympathomimetic constrictor and dilator influence, but not usually the sensitivity (EDw) of the smooth muscle system, varies with the level of inherent tone.
Basis of Local and Regional Variation
The foregoing description provides some insight into the immense variation in the vascular sympathetic neuroeffector system which makes possible vascular responses which differ markedly and subtly from each other. In many instances, these differences can be related to the functional role of the vessel. An appreciation of vascular neuroeffector design leads to an understanding of a vessel's physiological role and function. A more fundamental question, however, relates to the basis or causes of these differences-the operant mechanisms that lead in the developed organism to such diversification. Because of our very considerable ignorance in this area, only a few descriptive comments can be made.
Embryology
Patterns of differences in the neuroeffector characteristics can in some instances be related to the complex origin of the different parts of the vasculature (Bevan, 1961; Tsuru et al., 1976 ). An example of this is to be found with cerebral vascular smooth muscle where the a-receptor differs from that in the great arteries and veins. In the rabbit, the transition level between the two receptor sites on the vertebral artery is just above the level of the atlas and on the internal carotid artery approximately where the artery enters the carotid canal of the temporal bone. These sites correspond to embryological junctional sites between those parts of these vessels that develop from the primitive dorsal aortas and their segmental branches and the transitory longitudinal neural arteries that arise from primitive vascular networks on either side of the developing brain (Bevan, 1979) .
Trophic Influences
Although the trophic influence of motor neurons on voluntary muscle has long been recognized (Gutmann, 1976) , only recently has the possibility that 168 CIRCULATION RESEARCH VOL. 45, No. 2, AUGUST 1979 the sympathetic nervous system can influence the structure and function of the vasculature been recognized . Six or more weeks after unilateral postganglionic sympathetic denervation, the rabbit ear artery is lighter, thinner, and stiffer than its control (Bevan and Tsuru, 1979) . Although hypersensitive to NE, the denervated vessel develops a lower maximum contractile force which is reduced proportionately more than tissue weight. The precise pattern of change appears to be age dependent. Not all the observed effects can be attributed to disuse. Some may be the consequences of a slower smooth muscle proliferation rate in younger animals. Preliminary as these results are, they suggest that sympathetic neural activity can influence both vessel structure and function.
Effector Regulation of Innervation
The relationship between adrenergic nerve terminals and vascular smooth muscle is extraordinarily diverse, varying in the approximation of nerve and muscle and in neuronal density and distribution pattern (see above ; Bevan 1978a; Bevan, 1977) . The consensus from implantation experiments, in which nonvascular smooth muscle is implanted in other sites, such as the anterior eye chamber, and from tissue culture studies is that the effector cell controls the nature of its own innervation (Bjorklund and Stenevi, 1971; Hill et al., 1976; Chamley and Dowell, 1975) . This attribute is not dependent upon the tissue remaining at its original location in the body. Preliminary studies confirm that this also may be true of vascular smooth muscle.
This conclusion is consistent with studies of the development of vascular innervation mechanisms in the fetal lamb. Individual blood vessels diversify and differentiate early in gestation with respect to magnitude and direction of smooth muscle response to agonists and receptor characteristics. The sequence of development of sympathetic transmission mechanisms, metabolism, vascular smooth muscle activation, transmitter uptake and release (Su et al., 1977) seems to be similar in each vessel, although it does not occur simultaneously in all.
Influence of Intravascula -Pressure
Arterial pressure rises during growth. A rise in intravascular pressure results in a series of changes, both structural and functional, in the blood vessel wall . The immediate response is a synthesis of vessel wall structure-proliferation leading to vascular smooth muscle hyperplasia and an increase in mural collagen and elastin . As a consequence, the vessel wall becomes thickened. At the same time, changes in the sympathetic innervation occur , suggestive of increased neuronal function. This latter change is probably secondary to the changes in the effector tissue. If the blood pressure is maintained at the raised level, the synthesis of new structural elements ceases. The final result is an artery with different structural, dimensional, and functional characteristics.
Final Comments
Many of the concepts presented in this review are derived from a detailed but often piecemeal study of a relatively small number of blood vessels. These fall within a restricted diameter range and are derived mainly from one species, the rabbit. For this reason the diversity of functional characteristics present within the vasculature may be very much greater than described. Variation in effector system characteristics is a prerequisite for pharmacological specificity. It is conceivable that therapeutic agents might eventually be found that are specific to particular regions and types of vessels.
In this review, only the more established concepts are discussed. Because of this conservatism, a number of new and innovative ideas are not referenced. There are a number of other factors, variation of which contributes to vascular variation, that are not explored. These include excitation-contraction coupling mechanims, adrenergic transmitter disposition pathways, extent and nature of nonadrenergic innervation, and transmitter modulating factors, e.g., local feedback systems and circulating endogenous substances. These were omitted because of paucity of information regarding their nature in different types of vessels.
There are a number of recent and potentially interesting observations whose import cannot be assessed without further experimentation. These include different types of monoamine oxidases, regional variation in arterial series elasticity, transmitter release regulating mechanisms, and those based on receptor-ligand-binding studies.
If the smooth muscle cells of the vasculature are as heterogeneous as supposed, it could be of considerable basic interest to know the basis of this variability. Although it could be that all or most smooth muscle cells once separated from their local environment are similar, this seems unlikely. It is much more probable that blood vessels incorporate locally derived smooth muscle cells with unique characteristics. Whether all the diverse characteristics described in this reivew are primary or whether some specialization is secondary is entirely unknown.
In Summary
Basic patterns of neuroeffector organization vary widely in the vasculature, in general, with vessel diameter and type, and confer distinctive properties. The smaller the vessel, the more intimate the neuroeffector relationship, the more localized the action of the released transmitter, and the more important myogenic conduction compared to transmitter diffusion for the coordination of vascular effector response. Seemingly superimposed upon these basic general patterns are other variable fea-VASCULAR SYMPATHETIC RESPONSE/Beuan 169 tares, conferring upon vessels of similar size and type diversity of function. These variables include sensitivity and magnitude and possibly location of a-and /?-receptors and their subtypes, presence and nature of intrinsic vascular tone, and the density and pattern of adrenergic innervation to mention the more important. Functional diversity in neuroeffector characteristics can, to some extent, be understood in relation to embryological development, neurotrophic influences, effector regulation of innervation, and the mural response to an increase in intravascular pressure.
